2011 50th IEEE Conference on Decision and Control and
European Control Conference (CDC-ECC)
Orlando, FL, USA, December 12-15, 2011

LPV design of reconfigurable and integrated control for road vehicles
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Abstract— The aim of the paper is to present a distributed
supervisory architecture for the design and development of
reconfigurable and integrated control systems in road vehicles.
The performance specifications are guaranteed by the local
controllers, while the coordination of these components is
provided by the supervisor. Monitoring components provide the
supervisor with information needed to make decisions about the
necessary interventions into the vehicle motion and guarantee
the robust operation of the vehicle. In the proposed architecture
the supervisor and the components communicate through a
well-defined interface. This interface uses the monitoring signals
as additional scheduling variables of the individual LPV (Linear
Parameter Varying) controllers introduced to distinguish the
performances that correspond to different operational modes.
The advantage of this architecture is that local LPV controllers
are designed independently provided that the monitoring signals
are taken into consideration in the formalization of their
performance specifications.

I. INTRODUCTION AND MOTIVATION

An integrated control system is designed in such a way
that the effects of a control system on other vehicle functions
are taken into consideration in the design process by se-
lecting the various performance specifications. Redundancy
on sensor and actuator levels makes it possible to realize
the same functionality using different sensor and actuator
configurations. Thus integrated design is also motivated by
the needs of reconfigurable and reliable control, [1], [2].

A possible solution to an integrated control could be to
set the design problem for the whole vehicle and include all
the performance demands in a single specification. Besides
the complexity of the resulting problem the formulation of
a suitable performance specification is the main obstacle for
this direct global approach. In the framework of available
design techniques the formulation and successful solution of
complex multi-objective control tasks are highly nontrivial,
see, e.g., [3], [4].

Another solution to the integrated control is a decentral-
ized control structure where the components are designed
independently, see e.g., [5], [6]. In the paper the decen-
tralized control system is augmented with a supervisor as
illustrated in Figure 1. The role of the supervisor is to meet
performance specifications and prevent the interference and
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conflict between components. The supervisor has information
about the current operational mode of the vehicle, i.e., the
various vehicle maneuvers or the different fault operations.
The supervisor is able to make decisions about the necessary
interventions into the vehicle components and guarantee the
reconfigurable and fault-tolerant operation of the vehicle.
These decisions are propagated to the lower layers through
predefined interfaces encoded as suitable scheduling signals.
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Fig. 1. The supervisory decentralized architecture of integrated control

In the proposed solution the design of local control com-
ponents is based on LPV methods. The LPV approaches
allow us to take into consideration the highly nonlinear
effects in the state space description, [7], [8]. Moreover, in
the LPV method both performance specifications and model
uncertainties are taken into consideration. The main point
of the proposed approach is that in the control design of
the local components scheduling variables received from the
supervisor are used as a key of the integration.

The structure of the paper is as follows. In Section II
the architecture of the supervisory integrated control is pre-
sented. In Section III, as an illustration, the control-oriented
LPV modeling is described. In this section the weighting
strategy in the closed-loop interconnection structure is also
illustrated. In Section IV the selection of the sensors and
monitored components is presented. In Section V the in-
tegration of the actuators based on the operation modes is
shown. In Section VI the global performances based on the
supervisory activity are analyzed. In Section VII the inte-
grated control mechanism is presented through a simulation
example. Finally, Section VIII contains concluding remarks.

II. ARCHITECTURE OF INTEGRATED CONTROL

The term configuration refers to a well-defined sensor
and actuator set that is associated with a given function-
ality. Control reconfiguration is triggered by the following
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requirements: the achieved control performance in certain
scenarios must be improved and an increased reliability in
the presence of sensor or actuator faults must be achieved.
The term event refers to the occurrence of such requirements.
A finite set of events £ are assumed. On a higher level an
event is handled based on a given functionality thus one can
associate a certain event e € £ with a set of configurations
C.. Reconfigurable control strategies define a policy to select
a specific configuration K € C. when an event e occurs. In a
normal situation a configuration is formed by a single local
component, e.g., steering, otherwise it is composed of several
local components that can fulfill the same functional behav-
ior, e.g., steering and brake for generating yaw moment. The
event set £ and the corresponding class of the configuration
sets C. are determined in the preliminary step of the design.
This may be a highly nontrivial task.

The role of the supervisor is to coordinate the local
components and handle the interactions between them. Since
the performance specifications of local controllers are often
in conflict, the supervisor must also guarantee a balance or
trade-off between them. The information provided by the
supervisor is composed of messages and signals sent by
the monitoring components and fault detection and isolation
(FDI) filters. Based on this information the supervisor is able
to make decisions about the necessary vehicle maneuvers
and guarantee reconfigurable and fault-tolerant operation of
the vehicle and send messages to the local controllers. In
order to implement a safety feature the operation of a local
controller must be modified by a supervisory command. This
is realized through appropriately set scheduling variables that
are transmitted to the local controllers. At a local level the
behaviour of the controller is affected by these scheduling
variables through the performance weighting functions. The
difficulty in the supervisory control is that global stability
and performance are difficult to guarantee.

The design of the supervisor does not involve dynamical
systems explicitly. However, due to the time variation of the
signals the designer should check the validity of relations
between the momentary values of the monitoring signals
based on a temporal logic. The difficult part of the design is
to ensure the correctness of the specification, see [9], [10]. It
must be stressed at this point that the baseline configurations
handle only one actuator, which is associated with a given
task (functionality). The hierarchy of the configurations and
corresponding scheduling variables ensure that the additional
actuator(s) considered improve the stability properties of the
given functionality.

In contrast to the controller switching strategy the pro-
posed approach uses a performance weighting strategy. On
the supervisor level the required configurations are defined
uniquely by the specific values of a set of marker signals.
These marker signals are used as scheduling variables on
the level of local controllers. The task of the supervisor
design is to specify these marker signals in such a way
that the different combinations of their values define the
specific event (functionality) in a unique way. The different
combinations of the marker signals encode the designers

specification (option) in dealing with multi-objective or con-
flicting scenarios.

A local component is a well-defined ensemble of a con-
troller, an actuator and a set of related physical or virtual
sensors, e.g., units for monitoring components and FDI
filters. These elements are able to detect emergency vehicle
operations, various fault operations or performance degrada-
tions in controllers. They send messages to the supervisor in
order to guarantee the safe operation of the vehicle.

Each of the local components is governed by a local
controller. A local controller must meet the predefined per-
formance specifications. The signals of monitoring com-
ponents and those of FDI filters are built in the perfor-
mance specifications of the controller by using a parameter-
dependent form. The performance specifications are formal-
ized in a parameter-dependent way in which the correspond-
ing scheduling variable is given by the supervisor. Thus
the controller is able to modify or reconfigure its normal
operations in order to focus on other performances instead
of the actual performances. It sends messages about the
changes to the supervisor and it receives messages from the
supervisor about the special requirements.

III. MODELING AND CONTROL OF VEHICLE SYSTEMS

The objective of the control design is to track a predefined
path, guarantee road holding and increase pitch and roll sta-
bility. Five control components are applied in the system: the
active brake, steering, anti-roll bars, the suspension system
and the driveline system, see Figure 2. The longitudinal force
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Fig. 2. Vehicle body for yaw, roll and pitch motions

is generated by the driveline and the brake systems. The
tracking of the predefined road geometry is performed by
the active steering. During maneuvers active anti-roll bars are
used to improve roll stability. Road holding and passenger
comfort are guaranteed by applying an active suspension
system. This system also improves both the roll and the pitch
stability. The brake system might also be activated to provide
the lateral stability of the vehicle.

The local controllers are designed based on vehicle models
with different complexity. Their design is based on state
space representation form & = A(p)z + By (p)w + Ba(p)u,
where x, w and wu are the state, disturbance and input,
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respectively. Vector p includes the scheduling variables. In
the first step the state equation is defined and then the
performances and measured output are selected considering
the control tasks.

The primary role of the brake is to reduce the forward
velocity of the vehicle or stop it. It is also able to generate
unilateral brake forces at the front and the rear wheels at
either of the two sides u, = AF. In the control system the
brake is able to modify the yaw angle of the vehicle during
a cornering and reduce the effect of lateral acceleration.
Thus, the brake is able to substitute for different vehicle
components if they are affected by a fault or degradation
in terms of performances. The steering is used to follow
the desired course. The control input is the steering angle:
Uqg = 0 f-

Active suspensions are used to provide good handling
characteristics and improve ride comfort while harmful vi-
brations caused by road irregularities act upon the vehicle.
The suspension system is also able to improve pitch and roll
stability by generating pitch moment during abrupt braking
and roll moments during emergency maneuver. The control
inputs are generated by the suspension actuators: us =
[ffl, fers fri, fTT]T. The role of the active anti-roll bars is
to keep roll stability even during vehicle maneuvers such as
a sharp cornering, double lane changing or overtaking. The
active anti-roll bars operate continuously during travelling
and generate stabilizing roll moments between the sprung
and unsprung masses to improve roll stability. The control
inputs are the roll moments at the front and the rear between
the sprung and unsprung masses generated by active anti-roll
bars: u, = [urf,um«f

The nonlinear effects of the forward velocity, the adhesion
coefficient of the vehicle in the lateral direction or the nonlin-
ear characteristics in the suspension spring and damper com-
ponents are taken into consideration p = [v, 11, Ppij,s Prij] T
where pp;; and pp;; are the relative displacement and its
velocity. It is assumed that with suitably-selected scheduling
variables p these nonlinear components can be transformed
into affine parameter-dependent forms. Then the nonlinear
models are transformed into LPV models in which nonlinear
terms are hidden with suitably selected scheduling variables.
This transformation requires that the components of vector
p be measured, see [11], [12].

The design of a local controller is based on the control-
oriented LPV model and weighting strategy. The closed-loop
system applied in the design of integrated control includes
the feedback structure of the model G(p), the compensator,
and elements associated with the uncertainty models and per-
formance objectives: z = C(p)z+ D1 (p)w+ D2(p)u, where
w = [d n]T includes both the external disturbances and the
sensor noise. A typical interconnection structure is shown in
Figure 3. In this framework performance requirements z are
imposed by a suitable choice of the weighting functions W,.
The proposed approach realizes the reconfiguration of the
performance objectives by an appropriate scheduling of these
weighting functions. A,,, block contains the uncertainties of

Fig. 3. The closed-loop interconnection structure

the system, such as unmodelled dynamics and parameter
uncertainty. In this augmented plant unmodelled dynamics
is represented by a weighting function W,. and a block A,,.
The purpose of the weighting functions W,, and W,, is to
reflect the disturbance and sensor noises.

In the design of local controllers the quadratic LPV
performance problem is to choose the parameter-varying
controller in such a way that the resulting closed-loop system
is quadratically stable and the induced L5 norm from w to
z is less than . The existence of a controller that solves the
quadratic LPV ~y-performance problem can be expressed as
the feasibility of a set of Linear Matrix Inequalities (LMIs),
which can be solved numerically. Stability and performance
are guaranteed by the design procedure, see [7], [13].

IV. SENSORS AND MONITORED COMPONENTS IN THE
DISTRIBUTED CONTROL SYSTEM

The local components also include units for monitoring
vehicle operations and FDI filters. These components are
able to detect emergency vehicle operations, various fault
operations or performance degradations in controllers. They
also send messages to the supervisor. In the reconfigurable
and fault-tolerant control of the local controller several sig-
nals must be monitored and scheduling variables are added
to the scheduling vector in order to improve the safety of
the vehicle, e.g., variables are needed to encode the rollover
risk, represent the harmful effects of abrupt braking and take
a detected failure of an active component into consideration.

The efficient operation of the supervisor and the local
controllers require reliable and highly accurate signals from
the system. To meet this requirement redundant sensors,
diverse calculations and fault detection filters are needed. To
achieve the efficient and optimal intervention the detections
of faulty sensors are important since they must be substituted
for in operations based on these sensors. Low cost solutions
are preferred in the vehicle industry, thus simple sensors and
software-based redundancy must be applied.

In the following several examples for monitored compo-
nents related to specific control goals are presented: Yaw
stability is achieved by limiting the effects of the lateral load
transfers. The purpose of the control design is to minimize
the lateral acceleration, which is monitored by a performance
signal: z, = a,. Unilateral braking is one of the solutions,
in which brake forces are generated in order to achieve a
stabilizing yaw moment. In the second solution additional
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steering angle is generated in order to reduce the effect of
the lateral loads. These solutions, however, require active
driver intervention into the motion of the vehicle to keep the
vehicle on the road.

Another control task is to follow the road geometry. The
purpose of the control is to minimize the difference between
the yaw rate and the reference yaw rate must be minimized:
Ze = |Yact — Yref|. In practice the calculation of this
difference is based on signals of a video camera.

Roll stability is achieved by limiting the lateral load
transfers on both axles to below the levels for wheel lift-off
during various vehicle maneuvers. The lateral load transfer
is AF,; = ko, where ¢y; is the monitored roll angle of
the unsprung mass at the front and the rear.The normalized
lateral load transfer is introduced: pr = AF.,/(mg). The
aim of the control design is to reduce the maximum value of
the normalized lateral load transfer if it exceeds a predefined
critical value.

Besides the basic control problems these monitoring com-
ponents require additional sensors. The tracking task requires
one or two cameras for reasons of redundancy, the pitch and
roll stability require the pitch and roll angle of the sprung
mass. In the vehicle industry roll and pitch rates are measured
and then the angles are calculated by a numerical procedure.

The fault-tolerant control requires fault information in
order to guarantee performances and modify its operation.
Thus, FDI filters are also designed for the operation of the
actuators. As an example the fault information provided by
a fault detection filter is given by pp = fauct/fmaz, Where
fact 1s an estimation of the failure (output of the FDI filter)
and f,.q. is an estimation of the maximum value of the
potential failure (fatal error). The value of a possible fault
is normalized into the interval pp = [0, 1]. The estimated
value f,.+ means the rate of the performance degradation of
an active component. The actuator reconfiguration is based
on the fact that two actuators are able to influence the same
vehicle dynamics. The control design is based on two factors:
the failure or performance degradation have already been
detected and the fault information pp and the necessary
intervention possibilities are built into its control design.

V. ACTUATORS AND OPERATION MODES IN THE
DISTRIBUTED CONTROL SYSTEM

Steering system: In order to solve the yaw rate tracking
problem in the design of the steering system, the command
signal must be fed forward to the controller (yr.r). The
command signal is a pre-defined reference displacement
and the performance signal is the tracking error: z.. The
weighting function of the tracking error is selected as:

Wpe = Iie(les—Fl)/(TdQS—l-l), )

where Ty; are time constants. Here, it is required that the
steady state value of the tracking error should be below 1/,
in steady-state.

Brake system: In the design of the brake system the
command signal is the difference in brake forces while
the performance signal is the lateral acceleration: z;, =

T o . .
[ay, ur] . The weighting function of the lateral acceleration
is selected as:

Wya = ¢a(Tors +1)/(Tras + 1), @

where Ty, are time constants and

1 if |pr| > Re
go={ balha it B <|pn <R, 3)
if |pR‘ < Ra

Here ¢, is a gain, which reflects the relative importance
of the lateral acceleration and it is chosen to be parameter-
dependent, i.c., the function of pr. When pgr is small
(lpr| < Rs), i.e., when the vehicle is not in an emergency,
¢4 1s small, indicating that the LPV control should not focus
on minimizing acceleration. On the other hand, when pg
approaches the critical value, i.e., when |pgr| = Rp, ¢q is
large, it indicates that the control should focus on preventing
the rollover.

If a fault is detected in the operation of the anti-roll bars
the brake system will be activated at a smaller critical value
than in a fault-free case, i.e., when |pp,| > 0. Consequently,
the brake is activated in a modified way and the brake
moment is able to assume the role of the anti-roll bars or
the suspension actuator in which the fault has occurred. The
modified critical value is

R, — o ppa, 4

where « is a predefined constant factor. Similarly, if a fault is
detected in the steering system (|pps| > 0), the brake must
focus on yaw dynamics in order to reduce the tracking error.
Thus, in the control design of the brake the performance
specification concerning the steering system is also built in.
Suspension system: The performance signals in the sus-
pension design are: z;, = [az Sq  tg uS]T. The goals
are to keep the heave accelerations a, = ¢, suspension
deflections sq = 145 — 245, Wheel travels tq = z2;; — wjj,
and control inputs small over the desired operation range.
The performance weighting functions for heave acceleration,
suspension deflections and tire deflections are selected as

Ra,new =

Wha- = Gaz(Ts1 +1)/(Ts2 + 1), (%)
Wp,Sd = ¢Sd(Ts3 + 1)/(Ts4 + 1)7 (6)
Wp,td = K/td(TS5 + ]-)/(TSG + ]-)7 (7)

where Ty; and k:;q are time constants and the parameter
dependent gains are

1 if |prij| < p1,
Gaz = L2 < pris] < o, ®)
if R> Rs or |pkij| > pa.
0 it [pwij| < p1,
Goa = LI if by < ppis| < o, ©)

if R>Rs or |pkij| > pa.

In normal cruising the suspension system focuses on
the conventional performances based on the parameter-
dependent gain, which is a function of the suspension deflec-
tion pgi;. The idea of the reconfigurable suspension system
is based on the fact that it is used not only to eliminate the
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effects of road irregularities but also to generate roll moments
to improve roll stability or generate pitch moment to improve
pitch stability.
Wp,0 = ¢P(Ts7 + 1)/(T58 + 1)7
Wpe = or(Ter +1)/(Tes + 1).

(10)
(11)

For a reconfigurable suspension system the parameter-
dependent gains are selected as functions of the normalized
lateral load transfer pr and the normalized value of the
pitch angle pp. If pp exceeds a predefined critical value,
i.e., when |pp| = Rp, the controller must focus on pitch
stability. In an emergency, however, i.e., when |pr| > R,
the suspension system must reduce the rollover risk and
guaranteeing passenger comfort (and pitch angle) is no
longer a priority.

Actuator selection: The generation of the different actua-
tors during the drive is based on a weighting strategy. The
weighting for the front wheel steering is

Wact,5 = (1 - pact)/(smama (12)
while the weighting for the brake yaw-moment is
Wact,Mbr = pact/Mbrcrit7 (13)

where d..;; is determined by the constructional maximum
steering angle and Mp,c.;+ is the maximum of brake yaw-
moment. In the control design the distribution of the wheel
forces must also be taken into consideration. The steering an-
gle is limited by construction (d.;¢), therefore when the max-
imal steering angle is reached the desired lateral dynamics
must be achieved by the brake moment. It is also necessary
to avoid the skidding of tyres, thus the differential braking
must be reduced, while the yaw-motion of vehicle must
be controlled by front-wheel steering. By using differential

Pa
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Fig. 4. Relationship between the parameter p, and the actuator selection

braking the velocity of the vehicle is decreased, which must
be compensated for by the driveline with additional energy.
Therefore the use of differential braking must be avoided
during acceleration and front-wheel steering is preferred.
During deceleration the brake is already being used, thus
differential braking is preferred for practical reasons, but
close to the limit of skidding, front-wheel steering must also
be generated. A weighting factor p,.:, which depends on
the vehicle operation, i.e., the driving and the braking, will
be used in the weighing strategy of the control design, see
Figure 4.

VI. GLOBAL PERFORMANCES BASED ON THE
SUPERVISOR ACTIVITY

In order to provide a formal verification of the achieved
control performance on a global level, the problem must
be formulated globally. Only on this extended level are
the performance variables which are relevant for the whole
vehicle available. Once the local controllers have been de-
signed, however, it is possible to perform an analysis step
in the same robust control framework on a global level,
for details see [14]. This might be a highly computation
intensive procedure. Moreover the presence of competing
multi-objective criteria deny the applicability of this global
approach. E.g., in emergency events certain performance
components gain absolute priority over others, thus requiring
a given performance level for the ignored performance
components is not justified. On the other hand the local
design guarantees the prescribed performance level for the
critical components. Therefore in practice the formal global
verification is often omitted and the quality of the overall
control scheme is assessed through simulation experiments.

The relationship between the supervisor and the local
controllers guarantee that the system meets the specified
performances. Applying parameter-dependent weighting a
balance between different controllers is achieved. In different
critical cases related to extreme maneuvers or performance
degradations/faults in sensors or actuators the controllers
reconfigure their operations.

However, maneuvers in which different critical perfor-
mances must be achieved simultaneously may occur. For
example in a high-speed cornering maneuver the risk of a
rollover increases significantly. The performances are in con-
tradiction: deviating from the lane might cause the vehicle to
run off the road while increasing roll dynamics might lead
to rollover. This maneuver requires an intensive cooperation
between the steering and the brake. The supervisor sends
critical signals to these controllers and consequently these
control systems are activated. However, reducing the rollover
risk the yaw dynamics is modified and the deviation from
the predefined path may increase. In contrast reducing the
difference from the path might improve the rollover risk.
Since both interventions are critical the supervisor is not able
to resolve the problem, thus the performances are handled
by the actuators with performance degradation. In similar
emergency cases the supervisor is able to handle only a trade-
off between critical performances.

VII. SIMULATION EXAMPLES

As an illustration an integrated control is proposed for
tracking the path of the vehicle, guaranteeing road holding
and improving pitch and roll stability. In cruising mode, the
steering minimises the tracking error while the active anti-
roll bars and the suspension system are operating. When
the monitoring signals have reached their critical values, the
brake is also activated in order to improve roll and pitch
stability.

The operation of the integrated control in a heavy vehicle
is illustrated in a double-lane-changing manoeuver, which
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is defined by the signal yaw-rate. The maneuver has a 4
m path deviation over 100 m. The velocity of the vehicle
is 120 km/h. The operation of three control systems are
shown in Figure 5. The integrated control performs the
maneuver in a fault-free operation (solid), operation in which
there is a float failure in the active anti-roll bar at the rear
(dashed dotted), and operation in which there is a float
failure in the active anti-roll bar both at the front and the
rear (dashed). During the faulty operation the anti-roll bars
cannot generate enough stabilizing moment to balance the
overturning moment. When there is a fault in the front anti-
roll bar the brake is activated earlier than in the fault-free
case. Moreover, the braking lasts longer and the brake forces
are greater than in the normal situation.
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Fig. 5. Time responses of the tracking control

The supervisor uses three signals, i.e., the normalized
lateral load pgr from a component, which monitors the roll
dynamics of the vehicle, the normalized longitudinal load pp
from a component, which monitors the pitch dynamics and
the fault information pp from an FDI filter, which monitors
the operation of the active anti-roll bars. The supervisor sends
pr and pp signals to the active brake, which focuses on
the roll stability. The integration is carried out through the

parameter-dependent weighting function used in the design
of the brake. The brake activates and generates a yaw
moment in order to reduce the influence of the lateral loads.
The supervisor also sends pr, pp and pp signals to the
active suspension system, which provides road holding and
passenger comfort.

VIII. CONCLUSIONS

In the paper, a multi-layer supervisory architecture for the
design and development of integrated vehicle control systems
has been proposed. The local controllers are designed inde-
pendently by taking into consideration the monitoring and
fault signals received from the supervisor. In this architecture
the supervisor is able to make decisions about the necessary
interventions and guarantee the reconfigurable and fault-
tolerant operation of the vehicle. The design of local vehicle
controllers has been carried out by using LPV methods.
In the control-oriented modelling the monitoring variables
and the signals from the FDI filters play an important
role. The supervisor sends these signals to the local con-
trollers and handles the interactions and trade-off between
these components. The LPV method guarantees that the
supervisory integrated control meets the defined performance
specifications.
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